Achieving accumulation of a target drug in tumor tissue, optimal release behavior and concurrent diagnostic imaging with therapy (theranostic) requires an ideal chemotherapy protocol that involves the responsive control of drug delivery. In the current study, we report the construction of a novel theranostic drug delivery system based on radial mesoporous silica, which is hybridized with multiscale magnetic nanoparticles for MRI-guided and alternative magnetic field (AMF) responsive chemotherapy for breast cancer. Superparamagnetic iron oxide nanoparticles (IONPs) with multiscale sizes were prepared via a hydrothermal method (for larger IONPs, lIO NPs) and a thermal decomposition method (for ultra-small IONPs, uIO NPs). lIO NPs act as the heat mediator that is responsive to the AMF, while uIO NPs act as the T 2 contrast agent for MRI. Mesoporous silica nanoparticles with radially oriented mesochannels were further in situ grown onto the surfaces of the lIO NPs, and both the uIO NPs and doxorubicin, an anti-cancer drug, can be readily incorporated within the mesochannels. To endow the as-prepared doxorubicin-loaded nano-hybrids with a good targeting ability, the surfaces of the particles were modified with folic acid (FA). This prepared drug delivery system based on magnetic/silica nanocomposites showed high drug loading efficiency and AMF stimuli responsive release properties.
Introduction
Since the rst anti-cancer drug was approved by the Food and Drug Administration (FDA) to treat hematological cancer, chemotherapy has been recognized as one of the key components of treatment for all stages of cancers, including early stage disease and patients with complete resection. [1] [2] [3] However, despite an expanding panel of chemotherapeutic agents such as paclitaxel, docetaxel, vincristine, pemetrexed, topotecan and irinotecan that show high effectiveness, the severe side effects of chemotherapy continues to be one of the signicant challenges during the treatment, due to the high dosage and indiscriminate delivery of chemotherapeutic agents. 4, 5 Drug delivery systems based on nanotechnology are encouraging administration platforms for the efficient delivery of drugs to lesions and targeting sites, to avoid ineffective treatment from under-dosing or toxicity due to overdosing. [6] [7] [8] [9] Furthermore, when these delivery systems exhibit controlled release behavior, the drug levels can be administered continuously within a desired therapeutic range for a long period of time.
Over the last decade, various drug delivery systems, such as micelles, liposomes, multifunctional dendritic polymers, nanospheres, nanocapsules, hydrogels and liquid crystals, have been successfully developed for efficient passive-or activetargeting delivery strategies.
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Although each system possesses its own advantages, several signicant limitations oen affect their further application. For instance, micelles and liposomes may suffer from poor chemical stability and disintegration due to the high-density lipoproteins used.
Meanwhile, toxicity problems are the main obstacles hindering the applications of synthesized polymers, nanospheres and hydrogels, due to the problems of in vivo degradation, while dendrimers are limited by their quick elimination by the liver and kidneys and low blood stability. 16 Currently, mesoporous silica and oxidized porous silicon have attracted great attention in drug delivery research, as both materials exhibit high surface area, thermal stability, tunable pore size, chemical inertness, excellent biocompatibility, and biodegradability. [17] [18] [19] The large surface area and porous interior make these materials excellent reservoirs for delivering hydrophobic drugs, and their tunable pore size can be tailored to selectively store different nanoparticles and molecules of interest. In addition, the simple and adjustable synthesis process makes it easy to obtain optimized sizes and shapes for maximum cellular uptake. 20, 21 Furthermore, the ease of modifying the surface of mesoporous silica makes it possible to design active-targeting and stimuliresponsive drug delivery systems.
To achieve precise chemotherapy of cancer, the drug delivery system used must be site-specic and time-release controlled.
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Compared to passive-targeting offered by the enhanced permeability and retention effect (EPR effect), active-targeting strategies such as attaching an antibody, carrier protein or a ligand to the drug delivery system will allow it to accumulate at a target location, thus obtaining high efficacy with low dosage and low side effects and toxicity. 23, 24 Meanwhile, the controlled release of drugs from delivery systems can be triggered by various internal or external stimuli such as heat, light, an electric eld, an alternative magnetic eld (AMF), pH, redox, enzyme activity, mechanical force and so on. 25, 26 Among them, AMF-sensitive systems, which can be induced by integration with supermagnetic iron oxide nanoparticles, show great potential for triggering drug release due to their safety, high penetration depth and lack of radiotoxicity. 27, 28 Furthermore, supermagnetic iron oxide nanoparticles loaded in a drug delivery system can be used as the T 2 -weighted MRI contrast agent to evaluate the targeting ability of the delivery system and to evaluate the therapeutic effect in real time. 29, 30 Therefore, developing an effective delivery system with high drug loading efficiency, active-targeting and stimuli-responsive behavior, along with a concurrent diagnostic method with therapy (theranostic), is essential for efficient cancer chemotherapy.
Herein, in the current study, we report a novel theranostic drug delivery system based on radial mesoporous silica, which is hybridized with multiscale MNPs, for MRI-guided and AMFresponsive chemotherapy for breast cancer. Superparamagnetic iron oxide nanoparticles (IONPs) with multiscale sizes were prepared via a hydrothermal method (for larger IONPs, lIO NPs) and a thermal decomposition method (for ultra-small IONPs, uIO NPs), lIO NPs act as the mediator that is responsive to the AMF, and uIO NPs act as the T 2 contrast agent for MRI. Mesoporous silica spheres with radially oriented mesochannels were further in situ grown onto the surfaces of the lIO NPs (IOMSN NPs), and both the uIO NPs and doxorubicin, an anti-cancer drug, can be readily incorporated within the mesochannels (IOMSN@uIO(DOX) NPs). To endow the asprepared doxorubicin-loaded nano-hybrids with good targeting ability, the surfaces of the particles were modied with folic acid (FA) to obtain the nal IOMSN@uIO(DOX)-FA NPs. The results show that the as-prepared silica/magnetic nanohybrids possess uniform size and excellent drug loading, delivery efficiency and MRI contrast effect. Moreover, a series of detailed in vitro biocompatibility and H&E staining analysis of these nano-hybrids revealed excellent biocompatibility, even at a high concentration of 200 mg mL À1 . Furthermore, both in vitro cytotoxicity analysis and in vivo cytotoxicity anti-tumor effect evaluation demonstrated that IOMSN@uIO(DOX)-FA NPs are an excellent drug delivery system that possesses great potential as an MRI-guided stimuli-responsive drug delivery system theranostic platform for effective active targeting chemotherapy of cancer.
Results and discussion
Synthesis and characterization of IOMSN@uIO-FA NPs
The synthetic process for the uniform radial IOMSN@uIO(DOX)-FA NPs through a simple so-template method is illustrated in Scheme 1. Firstly, lIO NPs were prepared via a one-pot hydrothermal method.
Both the scanning electron microscopy (SEM) image (Fig. 1a1 ) and the transmission electron microscopy (TEM) image (Fig. 1a2) show that the as-prepared lIO NPs have an irregular spherical shape with a uniform diameter of $42 nm. Then, IO-NH 2 MNPs were used as the so-template for the synthesis of IOMSN NPs. As shown in Fig. 1b1 , the NPs have a mean diameter of about 750 nm and consist of a radially oriented irregular mesostructure, which was further conrmed by the TEM image (Fig. 1b2) . The continuous radial mesostructure throughout indicates that this kind of mesoporous IOMSN NPs would favor the loading or adsorption and release of guest nanoparticles or molecules, such as anti-cancer therapeutic agents. To verify the components of the IOMSN NPs, Xray powder diffraction (XRD) was conducted, and the spectrum (Fig. 2a) shows that the characteristic peaks of (220), (311), (400), (511) and (440) are compatible with the iron oxide crystal structure, while the peak at 2q ¼ 23 reveals the existence of an amorphous silica structure. Finally, IOMSN-FA NPs and IOMSN@uIO-FA NPs were synthesized via modication of the surfaces with FA and loading uIO NPs in the radial mesostructure of IOMSN NPs using a crosslinker. Aer APTES was conjugated on the surface of IOMSN NPs to obtain IOMSN-NH 2 NPs, EDC could easily react with the carboxylic acid groups of FA to form an active O-acylisourea intermediate, which was easily displaced by nucleophilic attack from the primary amino groups of the pre-prepared IOMSN-NH 2 NPs in the reaction mixture. Fig. 1c1 clearly shows that the radial mesostructure of IOMSN-FA NPs was blocked by FA, thus resulting in a rougher surface (Fig. 1c2 ) compared to the IOMSN NPs. Aer loading with uIO NPs in the radial mesostructures, the nal IOMSN@uIO-FA NPs were obtained. The HRTEM images clearly demonstrate the morphology of the uIO NPs (Fig. S1a †) and the radial-type amorphous silica structure of the IOMSN@uIO-FA NPs (Fig. S1b †) , which was further conrmed by the corresponding element mapping ( Fig. 1d-i) . Furthermore, aer being suspended in DI water homogenously and then placed beside a magnet for 1 min, all the IOMSN@uIO-FA NPs gathered close to the magnet (Fig. S2 †) , conrming the successful integration of IOMSN NPs and uIO NPs. In vitro cytotoxicity and cell uptake of IOMSN@uIO-FA NPs
As is well known, the biocompatibility and cytotoxicity of a drug delivery system are of great signicance for its application in the eld of nanomedicine. 31 Therefore, the cytotoxicity of the IOMSN@uIO-FA NPs against the L929 cell line was investigated using the CCK-8 assay. It was found that the L929 cells exhibited a higher cell viability of more than 90.4%, even when incubated with a high IOMSN@uIO-FA NP concentration of 200 mg mL À1 for 24 h and 48 h (Fig. 3) . Although the cell viability at a concentration of 500 mg mL À1 decreased somewhat aer 48 h of incubation, the cell viability was still as high as 82.5%, indicating that the IOMSN@uIO-FA NPs could be used as a drug delivery system. The excellent cell uptake offered by the active targeting strategies of drug delivery systems is an effective way to enhance the delivery efficiency and chemotherapy effect.
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The cell uptake of coumarin-6-loaded IOMSN@uIO NPs and IOMSN@uIO-FA NPs were investigated using a confocal laser scanning microscope. Fig. 4 shows the increasing amount of NPs internalized in MCF-7 cells with increasing incubation time. Obviously, the efficiency of cell uptake for the IOMSN@uIO-FA NPs was much higher than that for the IOMSN@uIO NPs, which indicates that FA could enhance the cell uptake efficiency of IOMSN@uIO NPs via the folate receptor, which was further conrmed by the 3-dimensional CLSM images (Fig. S3 †) . All the NPs were located in the matrix of MCF-7 cells crossing the cell membranes.
In vitro release proles of DOX Fig. 5b . It was clearly found that the release of DOX was time-dependent and sustained-release behavior was observed.
Within 300 h, the accumulative release amount of DOX reached 83.11% without exposure to an AMF. In comparison, aer being exposed to an AMF every day, the release speed of DOX was increased and a total of 91.04% of DOX was released from the IOMSN@uIO(DOX)-FA NPs, which was 1.1 times higher than that achieved without exposure. Superparamagnetic iron oxide nanoparticles can generate heat under an AMF due to the Néel relaxation and Brown relaxation. 33 The temperature response curve for the IOMSN@uIO(DOX)-FA NP suspension in DI water with a concentration of 100 mg mL 
In vitro cytotoxicity of IOMSN@uIO(DOX)-FA NPs
The in vitro AMF stimuli-responsive property of DOX release inspired us to use an external AMF to control the release of DOX for enhanced chemotherapy efficacy. Herein, the cytotoxic effects of the IOMSN@uIO(DOX) NPs and IOMSN@uIO(DOX)-FA NPs, with or without AMF exposure against MCF-7 cells were tested. The results (Fig. 6) show that all the NPs exhibited time-dependent cell proliferation inhibition compared to a control group. The IOMSN@uIO(DOX)-FA NPs revealed higher ). The nuclei of cells were stained with DAPI (blue) and the cytoskeleton was stained with rhodamine phalloidin (red). Coumarin-6-loaded nanoparticles (green) were used to track the distribution. cytotoxicity to MCF-7 cancer cells than the IOMSN@uIO(DOX) NPs, as modication with FA could increase the amount of NPs taken up by cells via FA receptor-mediated endocytosis. Thus, more DOX would be released inside the cells and cause more cell death. Importantly, for the IOMSN@uIO(DOX)-FA NPs group, which were exposed to an AMF (13.33 kA m À1 , 282 kHz) for 10 min, a more efficient anti-cancer effect was obtained with a low cell viability of 38.86% aer 48 h of incubation compared to 58.26% without exposure. Therefore, the IOMSN@uIO(DOX)-FA NPs with active targeting and stimuli-responsive properties show great potential for targeting cancer tissues and enhancing chemotherapy in vivo.
In vitro MRI measurements
To evaluate the T 2 -weighted MR imaging contrast effect of the IOMSN@uIO-FA NPs, a 3.0 T whole-body MR scanner was used to obtain T 2 -weighted MR images of the IOMSN@uIO-FA NPs suspended in DI water with different Fe concentrations of 0.026, 0.029, 0.032, 0.036 and 0.039 mM (Fig. 7) . The Fe concentration of the IOMSN@uIO-FA NPs was determined using inductively coupled plasma optical emission spectrometry (ICP-OES). As shown in Fig. 7a , the IOMSN@uIO-FA NPs induced a dark signal enhancement in a concentration-dependent manner. With increasing Fe concentration, a stronger signal (dark signal) was obtained, which was further conrmed by the transverse relaxivity values (r 2 ) (Fig. 7b) . The r 2 value of the IOMS@uIO-FA NPs was 308 mM À1 s À1 in terms of Fe, indicating that the IOMS@uIO-FA NPs show great potential as a contrast agent for T 2 -weighted MR imaging of tumors.
In vivo anti-cancer efficacy
The excellent in vitro anti-cancer effect of the IOMS@uIO(DOX)-FA NPs against MCF-7 cells and prominent MR imaging behavior inspired us to further test the MRI-guided chemotherapy in vivo. Therefore, MCF-7 tumor-bearing mice were divided into ve groups randomly (n ¼ 5): control group, DOX group, IOMSN@uIO(DOX) group, IOMSN@uIO(DOX)-FA group and IOMSN@uIO(DOX)-FA + AMF group. Here, the DOX dosage of the DOX group was equivalent with that of the NP groups. All agents were intravenously (i.v.) injected through the tail vein of the mice and the therapeutic efficacy was evaluated by measuring the relevant tumor volume (Fig. 8a) and body weight (Fig. 8b) during the treatment. The mice in the DOX group showed rapid tumor growth, indicating that the dosage of administrated free DOX was insufficient to inhibit the tumor growth. Meanwhile, for the mice treated with the IOMSN@uIO(DOX) NPs, the tumor was inhibited in the rst 10 days, but recurrence occurred aer that, indicating that the passive targeting delivery strategy via the ERP effect had a weak delivery efficiency. As is well known, DOX is an effective chemotherapeutic drug for MCF-7 tumors, but it usually requires multiple and high dosages to achieve a satisfying anticancer effect. 34 In comparison, the IOMSN@uIO(DOX)-FA NPs exhibited effective tumor inhibition with no growth of the tumor volume during the 21 days of treatment, which was further conrmed the prominent accumulation of IOMSN@uIO(DOX)-FA NPs at the tumor site induced by active targeting of FA. Because the external AMF could trigger the release rate of DOX from the delivery system, the IOMSN@uIO(DOX)-FA NPs plus AMF led to complete remission of the MCF-7 tumors, as shown in Fig. 8c . The body weight of mice is usually used to evaluate the toxicity of chemotherapeutic agents. As shown in Fig. 8b , no obvious weight loss was observed, implying that the as-synthesized NPs were biocompatible in vivo. Haematoxylin and eosin (H&E) staining of the heart, liver, spleen, lung, kidney (Fig. S4 †) and tumor (Fig. 8d ) in all treatment groups was performed aer 21 days. Compared to the control group, no observable changes were found, which further conrmed that the IOMSN@uIO(DOX)-FA NPs with excellent biocompatibility show great potential for use as an MRI-guided stimuliresponsive drug delivery system for effective chemotherapy of cancer.
Conclusions
In summary, highly uniform radial IOMSN@uIO(DOX)-FA NPs exhibiting MRI contrast effects, active targeting properties and stimuli-responsive behaviors were successfully prepared through a simple so-template process for efficient chemotherapy of cancer. The prepared IOMSN@uIO(DOX)-FA NPs showed high drug loading efficiency and AMF stimuli-responsive release properties, due to the high surface area of their radial mesostructure and induced heating property. Meanwhile, in vitro MRI measurements revealed the excellent MRI contrast effect with a high relaxation value of 308 mM À1 s
À1
. Finally, both the in vitro and in vivo cytotoxicity experiments demonstrated that IOMSN@uIO(DOX)-FA shows great potential as an MRI-guided stimuli-responsive drug delivery system for effective active targeting chemotherapy of cancer.
Experimental section

Materials
Ethylene glycol (EG), diethylene glycol (DEG), sodium acetate anhydrous (NaAc), ammonia solution (NH 3 $H 2 O), sodium dodecyl benzene sulfonate (SDBS), aminopropyltriethoxysilane (APTES), iron(III) chloride hexahydrate (FeCl 3 $H 2 O), cetyl trimethyl ammonium bromide (CTAB), diethyl ether ((C 2 H 5 ) 2 O) and tetraethylorthosilicate (TEOS) were purchased from Aladdin (Shanghai, China) . Folic acid (FA), 1-ethyl-3-(3-dimethylaminopropyl) -carbodiimide (EDC), N-hydroxysuccinimide (NHS) and dimethylformamide (DMF) were obtained from Sigma-Aldrich (St. Louis, USA). Doxorubicin (DOX) was obtained from Shanghai Jinhe Bio-Technology Co. Ltd (Shanghai, China). RPMI 1640 medium (RPMI 1640), highglucose Dulbecco's modied Eagle's medium (H-DMEM), fetal bovine serum (FBS), penicillin-streptomycin (PS), and trypsin were purchased from Gibco Life Technologies (Beijing, China). Cell Counting Kit-8 (CCK-8 assay) was provided by Dojindo Molecular Technologies Inc. (Kumamoto, Japan). Coumarin-6, rhodamine phalloidin and DAPI were supplied by Melone Pharmaceutical Co., Ltd. (Dalian, China). Anhydrous ethanol and deionized (DI) water purchased from Sinopharm Chemical Reagent Beijing Co. Ltd. were used throughout. All materials were used without further purication.
Synthesis of larger amino-terminal iron oxide nanoparticles (lIO NPs) and ultra-small iron oxide nanoparticles (uIO NPs) Typically, 1.0 g of CTAB was added into a solution of NH 3 $H 2 O (2 mL) and DI water (180 mL). Aer CTAB had completely dissolved, 35 mL diethyl ether and 50 mL anhydrous ethanol were added. During stirring, 0.2 g lIO NPs, which were homogeneously dispersed in 10 mL anhydrous ethanol, were added into the mixture. Aer stirring for 10 min, 5 mL of TEOS was added dropwise to the reaction mixture under vigorous stirring at room temperature for another 2 h. The nal IOMSN NPs were separated by magnetic separation and washed with DI water and ethanol two times, and eventually dried at 70 C for 12 h.
Finally, the as-prepared IOMSN NPs were calcined in an argon atmosphere at 550 C for 4 h to remove CTAB.
Preparation of FA-modied IOMSN NPs (IOMSN-FA NPs) and uIO-loaded IOMSN NPs (IOMSN@uIO-FA NPs)
The modication of the surface of IOMSN NPs with FA was achieved through a crosslinker chemistry method. Briey, 0.2 g of IOMSN NPs were added into 40 mL of anhydrous ethanol containing 0.5 mL of APTES. Aer being stirred at room temperature for 24 h, the mixture was extensively washed with ethanol and dried at 80 C to obtain the IOMSN-NH 2 NPs. Then, 300 mg FA was activated using EDC (86 mg) and NHS (77 mg) dissolved in a DMF/DI water (27 mL 
In vitro MRI measurement
To evaluate the MR imaging property, IOMSN@uIO-FA NPs were suspended in DI water with different Fe concentrations of 0.026, 0.029, 0.032, 0.036 and 0.039 mM. In vitro MRI relaxation measurements were conducted on a 3.0 T whole-body MR scanner (Achieva TX, Philips Medical System, Best, The Netherlands) and a turbo spin echo sequence was performed to measure the T 2 relaxation time in terms of Fe with the concentration varying from 0.026 to 0.039 mM.
In vivo anti-tumor efficacy and W/W 0 (W 0 is the body weight when treatment was initiated), respectively. Aer 21 days of treatment, the mice were sacriced and the main organs (heart, liver, spleen, lung, kidney and tumor) were removed for H&E histological processing and analysis.
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